Recent studies have demonstrated abundant transcription of a set of noncoding RNAs (ncRNAs) preferentially within tumors as opposed to normal tissue. Using an approach from statistical physics, we quantify global transcriptome-wide motif use for the first time, to our knowledge, in human and murine ncRNAs, determining that most have motif use consistent with the coding genome. However, an outlier subset of tumor-associated ncRNAs, typically of recent evolutionary origin, has motif use that is often indicative of pathogenassociated RNA. For instance, we show that the tumor-associated human repeat human satellite repeat II (HSATII) is enriched in motifs containing CpG dinucleotides in AU-rich contexts that most of the human genome and human adapted viruses have evolved to avoid. We demonstrate that a key subset of these ncRNAs functions as immunostimulatory "self-agonists" and directly activates cells of the mononuclear phagocytic system to produce proinflammatory cytokines. These ncRNAs arise from endogenous repetitive elements that are normally silenced, yet are often very highly expressed in cancers. We propose that the innate response in tumors may partially originate from direct interaction of immunogenic ncRNAs expressed in cancer cells with innate pattern recognition receptors, and thereby assign a previously unidentified danger-associated function to a set of dark matter repetitive elements. These findings potentially reconcile several observations concerning the role of ncRNA expression in cancers and their relationship to the tumor microenvironment.
Recent studies have demonstrated abundant transcription of a set of noncoding RNAs (ncRNAs) preferentially within tumors as opposed to normal tissue. Using an approach from statistical physics, we quantify global transcriptome-wide motif use for the first time, to our knowledge, in human and murine ncRNAs, determining that most have motif use consistent with the coding genome. However, an outlier subset of tumor-associated ncRNAs, typically of recent evolutionary origin, has motif use that is often indicative of pathogenassociated RNA. For instance, we show that the tumor-associated human repeat human satellite repeat II (HSATII) is enriched in motifs containing CpG dinucleotides in AU-rich contexts that most of the human genome and human adapted viruses have evolved to avoid. We demonstrate that a key subset of these ncRNAs functions as immunostimulatory "self-agonists" and directly activates cells of the mononuclear phagocytic system to produce proinflammatory cytokines. These ncRNAs arise from endogenous repetitive elements that are normally silenced, yet are often very highly expressed in cancers. We propose that the innate response in tumors may partially originate from direct interaction of immunogenic ncRNAs expressed in cancer cells with innate pattern recognition receptors, and thereby assign a previously unidentified danger-associated function to a set of dark matter repetitive elements. These findings potentially reconcile several observations concerning the role of ncRNA expression in cancers and their relationship to the tumor microenvironment.
noncoding RNA | genome evolution | cancer immunology T he recent development of total RNA sequencing has allowed a better appreciation of the complexity and breadth of the entire transcriptome (1) (2) (3) (4) . Analysis by the Encyclopedia of DNA Elements (ENCODE) consortium unexpectedly showed that far more of the mammalian genome than previously appreciated is transcribed into noncoding RNA (ncRNA). Several short ncRNAs have conserved metabolic and regulatory functions, and some antiviral properties have been assigned to novel ncRNA classes, such as eukaryotic siRNA, piRNA (PIWI-interacting) RNA, and prokaryotic CRISPR (clustered regularly interspaced short palindromic repeats) RNA (5) . In eukaryotes, long noncoding RNA (lncRNA), such as long-intergenic ncRNA, has been associated with transcriptional, posttranscriptional, and epigenetic regulation (6, 7) .
It is now evident that germ-line and cancer cells can have atypical ncRNA transcription, including repetitive elements from regions usually silenced in steady state (8, 9) . In eukaryotes, transcription of endogenous retroviruses and mobile elements is mostly repressed epigenetically through processes such as histone modification and DNA methylation, preventing disruptive or deregulatory effects due to integration into coding regions. In mammals, DNA methylation targets the cytosine in CpG motifs to form 5-methylcytosine contributing to down-regulation of transcription for methylated sequences (10) . Epigenetic regulation is strongly associated with the developmental process, whereas its deregulation, such as by disruption of DNA methylation, can be associated with dedifferentiation and carcinogenic processes (11, 12) .
In cancers, such as those cancers driven by p53 mutations and epigenetic alterations, ncRNA associated with repetitive elements can be induced (8, 9) . In a study of mouse and human epithelial malignancies by Ting et al. (9) , several repetitive elements emanating from genomic dark matter and often repressed in steadystate conditions, particularly in pericentromeric repeats, such as GSAT (major satellite) in mouse and human satellite repeat II (HSATII) in humans, were only transcribed in cancer cells. Leonova et al. (8) demonstrated a strong induction of repetitive elements from the mouse genome (particularly GSAT, B1, and B2), along with several other ncRNAs, in cells bearing p53 oncogenic mutations and exposed to epigenome-altering demethylating agents. Anomalous expression of the murine repetitive element GSAT was shown to trigger transcription of the repeat-dependent activated IFN response, which can regulate apoptosis-related cell death. Similarly, when expressed, endogenous retroviral RNA can activate the innate immune response via several pathways (13) . Altogether, these studies suggest that certain ncRNAs may also have attributes of immunostimulatory nucleic acid sequences.
We use a set of mathematical tools originally developed to analyze potentially immunostimulatory motif use in viral and host genome coding sequences. These methods were recently recast in the language of statistical physics and are extended here to analyze ncRNA motif use (14, 15) . We analyze for the first time, to our knowledge, large-scale patterns of motif use in human and murine
Significance
Using an approach derived from statistical physics, we quantify transcriptome-wide motif usage in human and murine noncoding RNAs (ncRNAs), determining that most have motif usage consistent with the coding genome. However, an outlier subset of tumor-associated ncRNAs comprises repetitive elements whose motif usage patterns are more typically associated with the genomes of inflammatory pathogens. We demonstrate that a key subset of these elements directly activates the cellular innate immune response. We propose that the innate response in tumors partially originates from direct interaction of immunogenic ncRNAs preferentially expressed in cancer cells with innate pattern recognition receptors.
transcriptomes, which we use to find anomalies in ncRNA expressed in cancer transcriptomes (5, 16) . As a result, we are able to characterize features of ncRNA overexpressed in cancerous cells relative to normal cells (8, 9, 17) . Our analysis includes several large datasets of functionally characterized ncRNA, in addition to pseudogenes and repetitive elements, such as satellite DNA, endogenous retroviruses, and long and short interspersed elements. We demonstrate many ncRNAs preferentially expressed in cancerous cells display anomalous motif use patterns compared with the vast majority of ncRNAs whose patterns of motif use we show to be consistent with those patterns of motif use in coding regions. Based on their unusual pattern of motif use and differential expression in cancerous vs. normal cells, we predicted that HSATII and GSAT incorporate immunostimulatory motifs in humans and mice, respectively. Remarkably, we validate our prediction demonstrating that both directly stimulate antigen-presenting cells and accordingly label them immunostimulatory ncRNAs (i-ncRNAs).
Results
General Motif Use Patterns in lncRNAs. Using the GENCODE database of lncRNA transcripts from humans and mice (versions 19 and 2 for humans and mice, respectively) we calculated the strength of statistical bias (referred to as a force) on sequence motif use for all contained lncRNAs as described in Materials and Methods. GENCODE lncRNA established a baseline of sequence motif use expressed in a broad array of cells and tissues so that we could compare these patterns of motif use with those patterns of motif use of ncRNAs expressed in certain cancers. For each sequence, we calculate the force on all two-and three-nucleotide motifs and use Eq. 5 in Materials and Methods to calculate the probability of observing a sequence with that number of motifs. The number of sequences in GENCODE for which a given dinucleotide is aberrantly expressed is illustrated in Fig. 1A . CpG dinucleotides are vastly underrepresented, as indicated by their negative forces in SI Appendix, Table S1 . UpA dinucleotides are often underrepresented, although to a lesser extent. As in our previous work, these patterns cannot be explained by nucleotide frequencies, such as guanine-cytosine (GC) content, which are accounted and normalized for in our method.
These dinucleotide motif use patterns are similar in human and mouse genomes across the wide array of cells and cell lines contained in GENCODE (2, 3) . Strikingly, avoidance of the CpG and UpA dinucleotide motifs in this dataset is stronger than in coding regions (SI Appendix, Fig. S1 ). One can conclude that the patterns previously observed in virus and host coding genes are not due to effects from coding regions, such as codon use patterns (18) (19) (20) . Rather, such constraints in coding regions likely weaken the strength of a statistical bias that comes from the same underlying mechanisms. This pattern suggests selective restrictions on dinucleotide frequencies observed in ncRNAs preserving a function or avoiding a detrimental consequence, such as a chronic autoinflammatory response that could result from presenting danger-associated molecular patterns (DAMPs). Adaptation of dinucleotide motif use in these elements over time is analogous to the viral mimicry of host patterns of sequence motif use (14, 21) . When an avian influenza virus enters the human population, one can observe adaptation to analogous patterns emerging over time (14, 15, 22, 23) . In that case, mutation rates in influenza are very high, so one can follow these evolutionary adaptations over far shorter time periods.
Trinucleotide motifs with significant forces are listed in the SI Appendix, Table S1 , along with dinucleotide motifs. Trinucleotide motifs with significant forces acting on them are conserved between humans and mice, as was the case for dinucleotides, with the exception of UAC and UAG (which are significant in humans but less so in mice). Except for UAG (chain termination codons used in coding RNAs), whenever a trinucleotide motif is significantly enhanced or avoided in humans, its reverse complement is also significantly enhanced or avoided, suggesting avoidance of complementary motifs. The strongest forces suppress CpG and CpG-containing trinucleotides particularly when an A or U is next to the core CpG motif. These results are consistent with the avoidance of CpGs in AU contexts observed in influenza viruses replicating in humans (15, 22, 23) . Given the apparent bias against CpG and UpA, we sought to determine if these motifs were linked. Pearson correlation between these forces across all GENCODE ncRNA in humans and mice showed no correlation between CpG and UpA biases (r = 0.0006; SI Appendix, Fig. S2 ). Therefore, the forces on CpG and UpA are likely independent. Moreover, every significant trimer across the GENCODE is correlated to CpG, UpA, or both. As a result, all significant trimers can be explained by their CpG or UpA motif use.
Cancer-Enriched Noncoding Repeat RNA May Have Anomalous Motif
Use. Prior work revealed aberrant expression of ncRNA across a spectrum of mouse and human cancers (8, 9) . These sequences were found in the Repbase database of human and murine repetitive elements and the Functional Annotation of Mouse (FANTOM) database of murine noncoding elements (currently NONCODE) (24, 25) . We also found high induction of GSAT in a murine testicular teratoma and liposarcoma tumor model (8, 9) (SI Appendix, Fig. S3 ). Focusing on these cancer-expressed repeats, we found a surprisingly significant enrichment of anomalous motif use patterns compared with other ncRNAs. In the Repbase database, we tested whether the bias on dinucleotide and trinucleotide motifs observed in repetitive element sequences fell outside the distribution obtained from GENCODE lncRNA. Remarkably, we found hundreds of sequences falling outside of this distribution. Many have high use of CpG dinucleotides, including a set of endogenous viruses (SI Appendix, Table S2 ) recently implicated in the innate immune response in tumors (13) . We conclude that although the portions of the noncoding regions typically expressed as lncRNAs have motif use patterns similar to RNA from coding regions, there are many genomic regions with atypical motif use that are not transcribed in normal cells or tissues.
We use the forces that quantify the strength of the statistical bias on the often underrepresented CpG and UpA dinucleotides to differentiate between ncRNAs found preferentially in cancerous cells and the total lncRNA referenced in GENCODE for humans and mice, because these two dinucleotides essentially account for all significant trinucleotide motifs in this set. We use the distribution of forces on CpG and UpA to define a null hypothesis, which we approximate by a Gaussian distribution (Fig. 2) . Many ncRNAs from cancerous cells are clearly outside the distribution, often to a large extent. In particular, HSATII, the main ncRNA up-regulated in human pancreatic cancers, is far outside the human distribution, and GSAT, the main murine ncRNA implicated in murine tumoral cell lines, is well outside the mouse distribution. Within our null hypothesis, the P values for all ncRNAs considered here are less than 10 −61 for human pancreatic cancer data and less than 10 −2 for murine cell line data. Many of the ncRNAs from the studies of Leonova et al. (8) and Ting, et al. (9) are outliers of at least three SDs with respect to at least one of the significant motifs implicated in the previous section, accounting for a median of 70.86% of the modulated Repbase RNA expression induced in pancreatic cancer, along with even higher percentages (73.95% and 85.74%, respectively) in the smaller sets of prostate and lung cancers. HSATII is the most differentially expressed (by a considerable margin) in the pancreatic cancer data, and HSATII and BSR are the highest in prostate and lung cancer data. In p53 KO murine cell lines treated with demethylation agents, around 68 ncRNAs are significantly modulated (8) . Among those ncRNAs, 79.03% of the total expression comes from outliers as defined above, with the vast majority coming from GSAT and B2. Overall, we observed that repetitive sequences containing unusual motif use had varying degrees of conservation. However, the subset preferentially expressed in cancerous cells and tissues is encoded by sequences of more recent evolutionary origin. HSATII and GSAT are only conserved back to primates and mice, respectively, and 21 of the 22 ncRNAs from the study of Ting et al. (9) are conserved in humans and primates but extend no further back in evolution. Any function is likely to be species-specific.
ncRNAs with Unusual Motif Use Highly Expressed in Cancers Are
Immunostimulatory. Our analysis highlights that many ncRNAs up-regulated in cancer display abnormal nucleotide motif use that we had previously related to immunogenic properties in viruses. The innate immune system contains several effector cells that react to immunogenic nucleic acids, such as exogenous viral and bacterial nucleic acids, as well as endogenous nucleic acids that can be released upon cell death (6) . Among those effectors, the mononuclear phagocytic system [macrophages, monocytes, and dendritic cells (DCs)] contains key regulators of innate immune activation and adaptive immunity (26) (27) (28) . DCs efficiently sense and sample their environment to integrate information and mount a proper response, which may be tolerogenic or immunogenic. To test whether ncRNA with highly unusual motif use could be recognized as a DAMP by some nucleic acid-sensing pattern recognition receptors (PRRs), we studied the effect of human HSATII and murine GSAT following transfection in human monocyte-derived DCs (moDCs) and murine bone marrow-derived macrophages. Liposomal transfection was required for stimulation, whereas naked RNA had no effect, implying recognition is consistent with activation via an endosomal or intracellular sensor (SI Appendix, Fig. S4 ). The general sets of recognition pathways tested are indicated in the SI Appendix, Fig. S5 .
We generated different ncRNAs by in vitro transcription using minigenes coding for the two main candidate outliers computationally predicted to have immunogenic motif use (HSATII and GSAT). As controls, we derived RNA from minigenes encoding scrambled (sc) versions with the same nucleotide content but having normal motif use (labeled HSATII-sc and GSAT-sc) and repetitive elements of comparable length but having normal motif use patterns (RMER16A3 and UCON38), as described in SI Appendix. In human moDCs, liposomal transfection of HSATII induced significant production of IL-6, IL-12, and TNF-alpha relative to both endogenous controls and their scrambled versions (Fig. 3A) . A similar profile of cytokines was elicited by moDCs in response to selected Toll-like receptor (TLR) agonists (SI Appendix, Fig. S6A ). The candidate murine immunogenic ncRNA, GSAT, had less pronounced immunogenic properties but still induced IL-12 (Fig.  3A) . Upon liposomal transfection of the same ncRNA into immortalized murine bone marrow-derived macrophages (imBMs), the immunogenic properties of HSATII were strongly attenuated, whereas the murine GSAT induced high levels of TNF-alpha (Fig.  3B ) and monocyte chemotactic protein 1 (MCP-1), but not IFNgamma, IL-6, or IL-12. The imBM almost exclusively regulates TNF-alpha in response to PRR agonists (SI Appendix, Fig. S6B ).
HSATII and GSAT ncRNA induced IL-12 in human moDCs similar to the TLR3 ligand poly-IC (a synthetic dsRNA mimic; SI Appendix, Fig. S5 ). The absence of an effect by ncRNA with normal motif use [i.e., the scrambled forms ( Fig. 3 A and B) ] suggests specific sequence patterns within the RNA, such as CpG and UpA motifs, regulate immunostimulatory activity. Such motif use could also influence secondary conformations that may contribute to immunogenic properties, although we checked that the scrambled sequences did not lower the RNA minimum folding energy. Based upon these observations, we refer to HSATII and GSAT as immunogenic ncRNA or i-ncRNA. Interestingly, our study corroborates previous findings by Leonova et al. (8) that ncRNA, such as GSAT, can induce an innate response, although in those studies, the type I IFN pathway was also activated. Our initial investigations into this pathway were inconclusive (SI Appendix, Fig. S6C ).
Dissection of the Immunostimulatory Properties of i-ncRNA. Pathogenassociated molecular patterns and DAMPs activate innate immune cells through PRRs. To characterize better the mechanisms involved in sensing i-ncRNA, we studied the immunomodulatory properties of HSATII and GSAT on a panel of imBMs that lack specific PRRs or effector molecules in their downstream signaling pathways (SI Appendix, Fig. S5 ). Whereas GSAT induced a TNFalpha response, HSATII did not induce differential cytokine expression in these immortalized cells, indicating that there is either a species-specific effect, because the cells are murine, or a cell type-specific effect, because these cells are macrophages. This result is perhaps unsurprising, because different species and cell types express different PRRs, and HSATII and GSAT have different sequence compositions. Significantly, the absence of two key adaptor and regulatory proteins, MYD88 and UNC93B1: UNC93B3d (UNC93b), respectively, eliminated the differential response to GSAT in imBMs (Fig. 4) .
MYD88 is a key cytosolic adaptor protein that is used by all TLRs except TLR3 to activate the transcription factor NF-κB. Similarly, the mutated form of UNC93b essentially eliminated inflammatory responses in imBMs. Although less well characterized than MYD88, this protein is known to interact with several endosomal TLRs (TLR3, TLR7, and TLR9) and has been implicated in TLR trafficking between the endoplasmic reticulum and endosomes, and their resultant maturation (29) (30) (31) . We tested the requirement for TLR3, TLR7, and TLR9, which are known to recognize dsRNA, ssRNA, and CpG DNA, respectively (32-34) (SI Appendix, Fig. S7A and S8) . None of these receptors were required for GSAT to activate TNF-alpha production from imBMs. Additional pathways investigated, including the stimulator of IFN genes (STING) and inflammasome pathways, are discussed in SI Appendix and did not contribute to i-ncRNA stimulatory activity. Altogether, our data are consistent with a requirement for i-ncRNA activation through signaling pathways that rely upon MYD88 and UNC93b. The precise receptor involved in initial recognition remains to be determined. 
Discussion
There is a surprising similarity to be drawn between foreign viral nucleotide sequences and select ncRNAs silent in normal cells, yet transcribed in cancer cells, activating innate immunity (23, 29, (35) (36) (37) . We determined that ncRNAs expressed predominantly in normal cells from humans and mice reflect patterns of nucleotide sequence motif avoidance, such as underrepresentation of CpG-containing sequences and reduced UpA, similar to protein-coding RNA. Such patterns often include a many-fold underrepresentation of CpGcontaining sequences and reduced UpA motif use compared with expected levels. However, the genome also harbors repetitive elements, which often have abnormal use of CpG and UpA motifs compared with the use of CpG and UpA motifs observed in RNA expressed in normal cells and tissues. Sets of these ncRNAs, typically newer genome entries over evolutionary time scales, can be expressed at very high levels in cancerous cells and tumors. As a result, human and mouse elements expressed in cancer cells can have different sequences but can share high CpG content and are not generally observed in the human or mouse transcriptome in normal cells.
We previously proposed that immunostimulatory and proinflammatory properties of highly inflammatory influenza and other RNA viruses derive, in part, from RNA containing CpGs in AU-rich contexts, which are avoided in RNA viruses circulating in humans. Experimental evidence has supported this hypothesis (23, 38, 39) . Recently we recast our analysis in the language of statistical physics in a way that is theoretically insightful and computationally efficient (15) . In this language, the evolution and optimization of nucleotide sequence motifs are driven by the interplay between selective and entropic forces. The latter randomize motif frequencies in a genome under constraints, whereas the former are largely Darwinian, optimizing for functions enhancing viral replication and spread. However, ncRNAs transcribed mostly in cancerous cells would not be exposed to the same selective and entropic forces as coding RNAs and ncRNAs transcribed in normal cells. Based on motif use patterns, we predicted many ncRNAs may have immunogenic properties, presenting DAMPs.
We focused experimentally on HSATII and murine GSAT, because they are preferentially and highly expressed in carcinogenic processes and exhibit abnormal patterns of motif use. In particular, human HSATII is enriched in CpG motifs in AU-rich contexts avoided in genomes of humans and human-adapted viruses. We demonstrate that their computationally predicted immunogenic properties lead to the induction of inflammatory cytokines in human and murine innate cells (Fig. 3 A and B) . Our observations, together with previous work by Leonova et al. (8) , strongly suggest that these endogenous i-ncRNAs are recognized as DAMPs by cellular nucleic acid PRRs.
We identified a key role for MYD88 and UNC93b as regulators of GSAT immunogenicity, but without evidence for the common endosomal nucleic acid sensors typically regulated by UNC93b or associated with the MYD88 adaptor (TLR2, TLR4, TLR7, and TLR9). Our results indicate that in the murine imBM background, there is potent induction of TNF-alpha. Further studies will be required to elucidate whether TLR13, which has been identified in murine cells and recognizes ribosomal bacterial and viral RNA, is involved, or whether there exist intracellular sensors of i-ncRNA associated with MYD88 (40-42), as there are for dsDNA (DHX-9 or DHS-36) (43) . Interestingly, we find alignment of GSAT contains a subsequence conserved in immunogenic RNA isolated from bacterial ribosomal RNA, which specifically activates murine TLR13 (41) .
Activation of innate immune signaling can contribute to either carcinogenesis or antitumoral immunity. TLR signaling and MYD88 have been associated with tumor development (44) . Given that HSATII and GSAT expression has been found to be pervasive in many tumor types and induces responses that differ by species or cell type, the role of i-ncRNA in tumorigenesis is likely dependent on the particular RNA expressed and other properties of the tumor microenvironment. For instance, HSATII activates macrophages and monocytes in our study, suggesting it may be a mechanism for attraction and retention of tumor-associated macrophages. These macrophages have consistently been shown to be a poor prognostic in cancer, leading to increased tumorigenesis, metastasis, and immunoevasion (45) . Under this hypothesis, HSATII is used by the tumor to keep macrophages in the tumor microenvironment while driving out T cells. Interestingly, the viral-like behavior of HSATII transcripts is found not only in the immune response to these elements but also in their ability to reverse-transcribe in cancer cells, akin to retroviruses (46) .
The i-ncRNA, not subject to the same forces as ncRNA transcribed in steady state, may retain or evolve to mimic features of foreign RNA, as seen by comparing HSATII and GSAT with typical human ncRNA and foreign genomic material in Fig. 5 (15, 47) . Indeed, HSATII and GSAT cluster more closely, in terms of motif use patterns, with bacterial rather than human RNA. Such RNA may have been selected to identify and eliminate cells when their epigenetic state is disrupted. Essentially self-"junk" RNA may have been maintained or may have evolved to mimic non-self-pathogenassociated patterns to create a danger signal. We propose that such a mechanism would be a previously unidentified aspect of "genetic mimicry," where the host is, for all practical purposes, mimicking pathogen-associated nucleic acid patterns. HSATII and GSAT emanate from the pericentromeres, which harbor new repetitive elements with no known function (48) . This region, unlike centromeres or regions critical for structure or regulation, may dynamically produce unusual repetitive elements that can adapt to a particular organism's PRRs. Our studies indicate that under the "extraordinary" circumstances where these repetitive elements are expressed, they could play a critical role in the regulation of immune responses against cancer.
Materials and Methods
We consider an RNA sequence of length L, hereafter called S 0 , and a motif m [a series of contiguous nucleotides (e.g., CpG)]. Our objective is to define a probabilistic model over the set of the 4 L sequences, S = ðs 1 s 2 . . .
that the average value of the number, N m ðSÞ, of occurrences of the motif m in S coincides with the number, N m ðS 0 Þ, of occurrences of that motif in S 0 . To do so, we consider a random-nucleotide model, where nucleotides are independently distributed according to the frequencies f 0 ðsÞ, with s = A, C, G, U, found in S 0 . We then introduce the weakest bias that allows us to reproduce N m ðS 0 Þ on average. The probability of a sequence S in this least-constrained, maximum entropy model is
where ensures the probability is correctly normalized. Parameter x, referred to as a selective force (or just force) on the motif m, introduces a statistical bias over P (15) . The force quantifies the strength of statistical bias, which may be due to selection on a motif. In the absence of bias (x = 0Þ, the probability of S simplifies to the product of its nucleotide frequencies, and the number of motifs is what one would expect in a typical sequence with nucleotide frequencies given by f 0 ðsÞ. Positive values for x push the distribution toward sequences with N m ðSÞ larger than what one would expect, whereas negative values for x favor sequences with a smaller N m ðSÞ than expected.
The value of the force, xðS 0 Þ, is computed by maximizing the probability PðS 0 jx, mÞ of the sequence S 0 over x. This calculation is equivalent to finding the value of x such that the average number of motifs, PðSjx, mÞ N m ðSÞ = ∂log Z m ∂x ðxÞ, [3] equals N m ðS 0 Þ. By scanning the sequences S 0 in the GENCODE database, we obtain the forces xðS 0 Þ shown in Fig. 2 . The logarithm of the number of sequences having N m ðSÞ repetitions of m is bounded from above by the entropy of the random-nucleotide model; the equality is reached in the absence of bias only ðx = 0Þ. The difference between those entropies is the entropy cost corresponding to the constraint on the average number of occurrences of m, and is denoted by σ m . It is the Legendre transform of log Z m ðxÞ (Eqs. 2 and 3): σ m = xðS 0 Þ N m ðS 0 Þ − log Z m ðxðS 0 ÞÞ.
[4]
Efficient computational techniques allow us to calculate the sum over the 4 L sequences in Eq. 2 in a time growing only linearly with L. Our aim is to find anomalous motif use in a sequence where the number of motif occurrences is different from what is expected by chance in the randomnucleotide model (i.e., associated with a significant nonzero force). We express the likelihood of observing the natural sequence S 0 with a given motif count as
This likelihood is therefore directly related to the entropic cost: The larger the cost, the more likely is the motif to be statistically significant.
